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ABstRAct
Multivesicular bodies (MVBs) are spherical endosomal organelles containing small 

vesicles formed by inward budding of the limiting membrane into the endosomal lumen. 
In mammalian red cells and cells of immune system, MVBs fuse with the plasma mem‑
brane in an exocytic manner, leading to release their contents including internal vesicles 
into the extracellular space. These released vesicles are termed exosomes. Transmission 
electron microscopy studies have shown that paramural vesicles situated between the 
plasma membrane and the cell wall occur in various cell wall‑associated processes and 
are similar to exosomes both in location and in morphology. Our recent studies have 
revealed that MVBs and paramural vesicles proliferate when cell wall appositions are 
rapidly deposited beneath fungal penetration attempts or during plugging of plasmo‑
desmata between hypersensitive cells and their intact neighboring cells. This indicates a 
potential secretion of exosome‑like vesicles into the extracellular space by fusion of MVBs 
with the plasma membrane. This MVB‑mediated secretion pathway was proposed on the 
basis of pioneer studies of MVBs and paramural vesicles in plants some forty years ago. 
Here, we recall the attention to the occurrence of MVB‑mediated secretion of exosomes 
in plants.

ABBREviAtions
MVB, multivesicular body; TEM, transmission electron microscopy; YFP, yellow 

fluorescent protein

Multivesicular bodies (MVBs) are spherical endosomal organelles containing a number 
of small vesicles formed by inward budding of the limiting membrane into the endosomal 
lumen.1 MVBs contain endocytosed cargoes and deliver them into lysosomal/vacuolar 
compartments for degradation. They also incorporate newly synthesized proteins destined 
for lysosomal/vacuolar compartments.2 In mammalian cells of hematopoietic origin, 
endosomal MVBs function in removal of endocytosed surface proteins in an exocytic 
manner. They are redirected to the plasma membrane, where they release their contents 
including internal vesicles into the extracellular space by membrane fusion. The released 
vesicles are termed exosomes.3 During reticulocyte maturation to erythrocyte, a group of 
surface proteins, such as the transferrin receptor, become obsolete and are discarded via 
MVB-mediated secretion.3 Time-course transmission electron microscopy (TEM) first 
revealed that colloidal gold-transferrin was internalized into MVBs via receptor-mediated 
endocytosis and then transferrin together with its receptor were delivered into the extra-
cellular space via the fusion of MVBs with the plasma membrane of reticulocytes.4 Some 
other cell types of hematopoietic origin, such as activated platelets, cytotoxic T cells and 
antigen-presenting cells, also secrete exosomes. Exosomes thus may play a role in various 
physiological processes other than discarding obsolete proteins.3

Our recent TEM studies provided ultrastructural evidence on the enhanced vesicle 
trafficking in barley leaf cells attacked by the biotrophic powdery mildew fungus. 
Multivesicular compartments including MVBs, intravacuolar MVBs, and paramural 
bodies turned out to proliferate in intact host cells during formation of cell wall apposi-
tions (papilla response), in the hypersensitive response, and during accommodation of 
haustoria.5,6 MVBs proliferated in the cytoplasm of haustorium-containing epidermal cells 
during compatible interactions and near sites of cell wall-associated oxidative microburst 
either during the papilla response or during the hypersensitive response. Because MVBs in 
plant cells have been demonstrated to be endosomal compartments,7-9 they may partici-
pate in internalization of nutrients from the apoplast of intact haustorium-containing 
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epidermal cells and sequestration of damaged membranes and delete-
rious materials originating from the oxidative microburst.5,6 The 
presence of intravacuolar MVBs with double limiting membranes 
(Fig. 1A) indicates an engulfment of MVBs by the tonoplast and 
a vacuole-mediated autophagy of MVBs.5,6 MVBs, as prevacuolar 
compartments in plant cells,9 thus probably deliver their contents 
into the central vacuole via both the fusion with the tonoplast and 
the engulfment by the tonoplast (Fig. 2A and B). On the other hand, 
paramural bodies, in which small vesicles are situated between the 
cell wall and the plasma membrane, were associated with cell wall 
appositions deposited beneath fungal penetration attempts (Fig. 1B) 
or around hypersensitive cells including sites of plugged plasmodes-
mata (Fig. 1C and D).5,6 Because paramural vesicles are similar to 
exosomes both in location and in morphology, we speculated that 
MVBs fuse with the plasma membrane in an exocytic manner to 
form paramural bodies.5,6 Endocytosed cell surface materials in 
endosomal MVBs may be reused and delivered together with newly 
synthesized materials in Golgi apparatus-derived vesicles to cell wall 
appositions, which are deposited rapidly to prevent fungal penetra-
tion (Fig. 2A) or to contain hypersensitive cell death (Fig. 2B). MVBs 
thus may be driven along two distinct pathways to deliver their 
contents into either central vacuole or extracellular space.

Earlier than the discovery in animal cell systems,4 it was proposed 
in two independent papers in 1967 that the fusion of MVBs with the 
plasma membrane might result in the release of small vesicles into 
the extracellular space in fungi and in higher plants.10,11 Several lines 
of evidence support the occurrence of MVB-mediated secretion of 
exosome-like vesicles in plants. First, vesicles of the same morphology 
as MVB internal vesicles have been observed in extracellular spaces 
or paramural spaces in various types of plant cells in various plant 
species by TEM.12 An early study on endocytosis by soybean  
protoplasts also showed small extracellular vesicles attaching on the 
plasma membrane.8 Second, cooccurrence of MVBs and paramural 
vesicles has been observed in processes of cell proliferation, cell  
differentiation, and cell response to abiotic and biotic stress. Examples 
are cell plate formation,13,14 secondary wall thickening,15,16 cold 
hardness,17,18 and deposition of cell wall appositions upon pathogen 
attack.5,6,19-21 Third, identical molecular components, such as 
arabinogalactan proteins22,23 and peroxidases,6 have been immuno-
localized in both MVBs and paramural bodies. Despite these pieces 
of evidence, a conclusive demonstration of MVB-mediated secretion 
of exosomes in plants requires further exploration.

The presently available experimental systems, approaches, and 
membrane markers may allow future demonstration of MVB-mediated 
secretion of exosomes in plants. Recent in vivo real-time observation 
and colocalization of cell surface and endosomal markers have already 
revealed that endosomes filled with endocytosed preexisting cell wall 
and plasma membrane materials are rapidly delivered to cytokinetic 
spaces to form cell plates in dividing tobacco, Arabidopsis, and maize 
cells.24 Because TEM observed paramural bodies attaching to cell 
plates13 and MVBs in the vicinity of cell plates during all stages 
of cell plate formation,14,25,26 MVBs and paramural bodies may  
participate in delivery of endocytosed building blocks to cell plates. 
Jiang’s and Robinson’s labs together developed a transgenic tobacco 
BY-2 cell line stably expressing a YFP-labeled vacuolar sorting 
receptor protein and antibodies against the vacuolar sorting receptor 
protein localized to the limiting membrane of MVBs.9 These tools 
together with live cell imaging and immunoelectron microscopy may 
allow visualization of MVB-fusion to the new plasma membrane, of 
vacuolar sorting receptors in both the limiting membrane of MVBs 

and the new plasma membrane, and of identical cell plate compo-
nents in both internal vesicles of MVBs and paramural vesicles.

In spite of obvious differences in plant and animal cytokinesis, the 
generation of cell plates by cell-plate-directed fusion of endosomes 
resembles the plugging of midbody canals by midbody-directed 
endosomes to separate daughter cells at the terminal phase of 
animal cytokinesis.27 Likely, functional similarities of the fusion 
between endosomal MVBs and the plasma membrane to eliminate 
unwanted cell contents may also exist in maturation of mammalian 
red blood cells and plant sieve elements in the sense that the fusion 
of MVBs with the plasma membrane may occur during maturation 
of the latter.28 On the other hand, although plant cells may secrete 
MVB-derived exosomes in defense response upon pathogen attack,5,6 
plant cell walls rule out the direct intercellular communication 
during the immune response mediated by exosomes in the circula-
tion of mammals.3 In contrast, plasmodesma-directed secretion 
of exosomes would block the cell-to-cell communication between 
hypersensitive cells and their neighboring cells during hypersensitive 
response.5 Further exploration will lead us to a better understanding 
of similarities and differences of exosome secretion between plants 
and animals.

Figure 1. Multivesicular compartments in intact cells in barley leaves attacked 
by the barley powdery mildew fungus. (A) An intravacuolar multivesicular 
body (MVB) with double limiting membranes in an intact epidermal cell (EC) 
adjacent to a hypersensitive epidermal cell (EC*). The arrows point to the 
outer limiting membrane, which is seemingly derived from the tonoplast. 
Note that neighboring intravacuolar vesicles (in between two arrowheads) 
may result from degradation of double limiting membranes of intravacuolar 
MVBs or may be delivered into the vacuole by MVB‑fusion with the tonoplast. 
(B) Paramural vesicles (arrowheads) in a paramural body associated with 
cell wall appositions (asterisk) deposited by an intact epidermal cell. (C) A  
multivesicular body (MVB) in contact with a paramural body (PMB) (a  
nonmedian section) associated with cell wall appositions (asterisk) deposited 
by an intact mesophyll cell adjacent to a hypersensitive mesophyll cell. 
Note that cell wall appositions deposit beside an intercellular space (IS). 
The arrows point to the tonoplast. (D) A paramural body (PMB) associated 
with cell wall appositions (asterisks) blocking plasmodesmata (in between 
two arrowheads) at the side of an intact mesophyll cell (MC) underlying a 
hypersensitive epidermal cell (EC*). The arrows point to the tonoplast. CV, 
central vacuole; CW, cell wall; MB, microbody. Bars, 1mm.
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Figure 2. Hypothetical diagram of delivery of endocytosed 
cell surface materials via MVBs into the central vacuole or 
the extracellular space where intact barley cells deposit cell 
wall appositions. (A) Deposition of cell wall appositions  
(asterisk) beneath powdery mildew penetration attempts. 
AGT, appressorial germ tube; PP, penetration peg.  
(B) Deposition of cell wall appositions (asterisks) against  
constricted plasmodesmata (PD) between a hypersensitive 
epidermal cell (EC) penetrated by the powdery mildew  
fungus and an underlying mesophyll cell (MC). H, haustorium. 
Arrows and numbers show pathways of vesicle trafficking.  
1, Secretion of Golgi‑derived vesicles containing newly 
synthesized materials; G, Golgi body; TGN, trans‑Golgi 
network; 2, Endocytosis of cell surface materials from coated 
pits (coated open circles) via coated vesicles (coated circles) 
to multivesicular bodies (MVB); 3, Delivery of endocytosed 
materials for degradation inside the central vacuole (CV) via 
membrane fusion between MVBs and the tonoplast (T); small 
broken circles, vesicles in degradation; 4, Delivery of endo‑
cytosed materials for degradation inside the central vacuole 
via engulfment of MVBs by the tonoplast; large broken  
circles; MVB limiting membranes in degradation; 5, delivery of  
endocytosed materials into the extracellular space for deposi‑
tion of cell wall appositions (asterisks) via membrane fusion 
between MVBs and the plasma membrane (PM). CW, cell 
wall; PMB, paramural body. PD0, 1, 2, 3 and 4 represent 
stages of plugging plasmodesmata. PD0, open plasmodes‑
mata between two intact mesophyll cells (MC) subjacent 
to the hypersensitive epidermal cell (EC); PD1, constriction 
of plasmodesmata by callose (grey dots) deposition at  
plasmodesmal neck region; PD2, constricted plasmodesmata 
associated with plasmodesma‑targeted secretion; PD3, further 
blocking of plasmodesmata by deposition of cell wall apposi‑
tions; PD4, completely blocked plasmodesmata.
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